found aligned along faults associated with springs and boulderencrusting tufa sheets on the lake margins (Dunn, 1953; Russell, 1889) . These impressive, tower-like structures are only the most recent phase of lacustrine carbonate deposition that has been occurring sporadically within Mono Lake at least since the last glaciation (Wang et al., 2014) . Although together these features are considered an archetypal carbonate-precipitating hyperalkaline lacustrine environment (Della Porta, 2015) , their depositional mechanisms are surprisingly little studied. This is in part because no active carbonate mineral precipitation has been reported since sporadic events in the 1980s and early 1990s, when ikaite (CaCO 3 .6H 2 O) and gaylussite (Na 2 Ca(CO 3 ) 2.5 H 2 O) were reportedly forming where spring waters mixed with lake waters along the southern shore of the lake (Bischoff, Stine, Rosenbauer, Fitzpatrick, & Stafford, 1993; Stine, 1987) .
Both geochemical and geobiological models have been put forward in an attempt to explain voluminous past tufa formation in Mono Lake. In the purely geochemically driven models, it is postulated that calcium carbonate precipitation was caused by mixing of carbonate-rich, high pH lake water with Ca-rich spring water (Cloud & Lajoie, 1980; Dunn, 1953; Rieger, 1992) . Similar models have recently been invoked to help explain sublacustrine chimneys of the Afar Rift (Dekov et al., 2014) . A popular geochemical model for Mono Lake contends that the dominant primary-formed carbonate mineralogy is ikaite (Bischoff et al., 1993) , and that in most cases, this later recrystallises to gaylussite (Bischoff et al., 1993) or calcite (Council & Bennett, 1993) . Mound and chimney morphologies in these geochemical models are explained by mineral precipitation from upward rising, low-density sublacustrine plumes of spring waters. However, such chimneys have not actually been demonstrated to spontaneously form under sterile conditions, and turbulent mixing zones between water masses may produce powder-like mineral precipitates in the water column (consistent with the "milky white" spring waters observed by Stine, 1987) rather than coherent benthic constructions. Macrocrystalline, benthic sheets of calcite in other contexts require the presence of a benthic biofilm (cf. Pedley, Rogerson, & Middleton, 2009) .
Early geobiological models were based on observations of microbes or algae at sites of active tufa growth that were inferred to have influenced carbonate precipitation (Scholl & Taft, 1964) . Given the enormous dissolved inorganic carbon (DIC) pool in Mono Lake and high pH such that the majority of this DIC is present as carbonate, postulated photosynthetic effects on carbonate mineral deposition are likely to be negligible (cf. Arp, Reimer, & Reitner, 2001 ).
Stable carbon isotopes of Mono Lake tufa samples record temporal variations in the bulk lake water DIC that relate to changes in plankton productivity and burial (Li & Ku, 1997) . However, no study has yet reported any local δ 13 C calcite enrichment relative to lake average that could be attributed to photosynthetic CO 2 uptake at the site of carbonate precipitation. Instead, a more logical microbial mechanism for carbonate mineral formation is via binding of calcium by the copious amounts of extracellular organic material (EOM) produced by cyanobacteria (Emeis, Richnow, & Kempe, 1987) , with calcification taking place during or following calcium release on heterotrophic EOM breakdown (Arp, Hofmann, & Reitner, 1998; Arp, Thiel, Reimer, Michaelis, & Reitner, 1999; Arp et al., 2001; Dupraz, Visscher, Baumgartner, & Reid, 2004) . We follow others including Dupraz, Fowler, Tobias, and Visscher (2013) in using the broader term EOM rather than EPS (extracellular polymeric substances) here because EOM encompasses all organic matter external to the cell, including low molecular weight organic carbon, not just the larger EPS molecules.
An alternative geobiological model for carbonate chimney growth in Mono Lake might be calcite replacement of a microbially precipitated clay precursor, as has been proposed for thrombolitic microbial carbonates of Lake Clifton, Australia (Burne et al., 2014) and dolomitic microbialites of Great Salt Lake, United States (Pace et al., 2016) . Pertinent to this model was a report of potential microbial mediation of magnesium silicate growth within calcitecemented clastic lake sediment (locally known as "sand tufa" ; Cloud & Lajoie, 1980) on the southern shore of Mono Lake (Souza-Egipsy, Wierzchos, Ascaso, & Nealson, 2005) . In these lake sands, however, no evidence for calcite precipitation around living or decaying microbes was found (Souza-Egipsy et al., 2005) .
Geomorphologically, mound and column structures are well known to arise under the influence of photosynthetic (cf. stromatolites and thrombolites) and chemosynthetic (black and white smoker) microbial activity, with the biofilm providing a focus for mineral growth and directly promoting benthic carbonate mineral sheet formation (Bosak et al., 2012; Kempe et al., 1991; Petroff, Beukes, Rothman, & Bosak, 2013; Reid et al., 2000) .
Here, we provide new in situ macro-to nanoscale evidence for the participation of microbes in the construction of Mono Lake chimneys and argue that the location and morphology of the Mono Lake tufa chimneys is a result of a complex interplay between lake dynamics (faults, venting of sublacustrine springs, lake chemistry) and the benthic microbial communities within the lake.
| ME THODS

| Fieldwork and sample processing
Fieldwork around Mono Lake was undertaken in October 2014.
Samples were taken with permission of the Mono Lake Tufa State Natural Reserve following their guidelines and under their supervision. It was a requirement of the permit that only the minimum required number of naturally broken samples should be taken.
Several different occurrences of tufa carbonate rocks were examined around the lake, but the most interesting were Pleistocene chimney structures close to Mono City (Figures 1, 2a ) that are the focus of this article. Possible microbial influence on construction of these chimneys was noted in the field (Figure 2 ), based on mat-like sheets that connected chimney pipes (Figure 2b ).
The locations of the chimneys as determined by GPS are linearly arranged, presumably along a fault. Indeed faults mapped by Jennings, Strand, and Rogers (1977) run parallel to the line of the Pleistocene chimneys ( Figure 1 ). Further laboratory work was aimed at determining whether the central chimney pipes were solely abiotic or microbially influenced in origin. For this, a representative (naturally broken) sample that was clearly from the centre of a chimney was sent to VU University Amsterdam. Pipe material was cut up and pieces were consolidated by impregnation with blue-stained epoxy resin so that several thin sections could be made. Very high abundance of organic filaments was apparent in each of these pipe wall thin sections (described and illustrated further below). A large number (>10) of thin sections of this pipe material were optically examined and then sent to the Centre for Microscopy, Characterisation and Analysis at the University of Western Australia. One representative thin section was selected for NanoSIMS, FIB-SEM and TEM analyses to test (i)
whether the filaments were genuine microfossils, and (ii) to determine spatial relationships between cell walls and minerals, which might help to determine whether these purported microbes influenced chimney growth form.
| XRD analysis
Three subsamples of the same specimen from which the thin sections were produced were crushed for XRD analysis at the University of Hull. X-ray powder diffraction data were collected from ground samples mounted in stainless steel sample holders.
Analysis was performed on a PANAlytical Empyrean X-ray diffractometer (XRD) operating in Bragg-Brentano geometry using copper Kα 1 radiation (λ = 1.540546 Å) and a PIXEL detector.
Each data set was the sum of three identical data collections with 4 ≤ 2θ/° ≤ 100, a step size of 0.02626° and counting time 1,140 s per step.
| Biomarker analysis
Biomarker analysis was conducted on a further off-cut of the Pleistocene tufa chimney specimen used for XRD analysis and microscopy. This was done in the organic geochemistry laboratory at the University of Aberdeen. The sample was first cleaned with Dichloromethane. It was then crushed and Soxhlet extracted using a Dichloromethane/Methanol mixture (93:7). The extract was analysed on an Agilent 6890GC with an Agilent 5975MS. The GC column was a 30 m long * 0.25 mm i.d. * 0.25 μm film thickness GC-5 column. The gas chromatography temperature programme was 60°C for 2 min, heating at 20°C per minute up to 120°C, then at 4°C
per minute up to 290°C and holding for 27.5 min.
| Focussed ion beam (FIB) preparation of TEM samples
Prior to FIB preparation, resin-embedded polished geological thin sections were examined by optical microscopy, using 
| NanoSIMS ion mapping
NanoSIMS ion mapping was performed using a CAMECA NanoSIMS (Wacey, Gleeson, & Kilburn, 2010) . 
| RE SULTS
Our study aimed to determine whether Mono Lake chimneys are purely physicochemical constructions, or whether microbes influenced their development. We focus on chimneys found north of the present lake at Mono City, on a Pleistocene lake terrace (Zimmerman, Hemming, Hemming, Tomascak, & Pearl, 2011) at around 2,065 m altitude, extending along a 2.25 km long N to NNE oriented line interpreted as a fault trace (Figure 1 ). The late Pleistocene Mono City chimneys reported and described here are older than the more commonly studied and illustrated mounds of presumed Holocene and younger age found close to the modern shoreline in the southeast (South Tufa) and northeast 3 cm across (Figure 2c ). Subhorizontal 15 cm-thick laminated calcitic sheets were observed between the pipes, binding them together ( Figure 2b ). Each chimney was found rooted in calcitecemented lake sediment ("sand tufa"). Externally, the chimneys were encrusted in 20-to 50-cm-thick blankets of centimetre scale mesh-like networks of euhedral pseudomorphs after the low temperature hydrated CaCO 3 mineral ikaite, locally known as "thinolite tufa" (Russell, 1889; Shearman, McGugan, Stein, & Smith, 1989) (Figure 2a, d) . Some of these pseudomorphs after ikaite are found on individual pipes that make up the chimneys, but only on outer pipe surfaces, which would have been exposed to lake water after the chimney had formed. Individual pseudomorphs of ikaite crystals in these "thinolite" blankets mostly measured around 5 cm in length, and crystals clustered together to form rosettes (Figure 2d ).
| Petrography of chimney pipes
The walls of the c. Coccoids were also identified, ranging from 6.8 to 15 μm diameter (n = 25), but these were much rarer than filaments in the thin sections examined (Figure 4i ). The morphologies of the filaments, including their size, segmentation and cases of trichomes inside sheaths, are consistent with their being fossils of cyanobacteria, as are found within modern Mono Lake spring systems (Kulp et al., 2008) . Biomarker data reinforces this interpretation (see below 
| Microfossils within chimney pipes
| Tufa and microfossil chemistry
Bulk rock mineralogy was determined by XRD, with GC-MS for biomarkers of organic carbon entombed within the rock. The chemistry and ultrastructure of the filamentous microfossils and surrounding minerals were further investigated using a combination of nanoscale secondary ion mass spectrometry (NanoSIMS), scanning electron microscopy (SEM) and transmission electron microscopy (TEM).
The XRD data showed ~99% of chimney pipe rock to be calcite with an average magnesium content of 8.1(1)%. The remaining ~1% constituent of the rock was quartz (Supporting information 9 ). Silicates were only exceptionally rarely found in the interior of the filaments, and in these few cases, they were very close to the cell wall. In most observed cases filament interiors were filled solely with calcite. In one examined Type 2 filament, a Mn-Ferich carbonate mineral was observed within and just exterior to a cell wall (Figure 7a , e-f), while in one examined Type 1 filament a Mn-Ti-Fe-rich carbonate was observed partially replacing the filament wall ( Figure 9) .
A rare subpopulation of Si-rich grains were found in close association with organic cell wall material; these comprise SiC and are laboratory contamination, having been introduced during polishing of the thin sections. These can easily be discriminated from true silicate minerals by their characteristic Si and C chemistry and lack of other elements (e.g., O) found in silicate minerals ( Figure 6 , white grains) and have been eliminated from further discussions.
| 3D microfossil morphology and mineral distribution
A three-dimensional reconstruction of a Type 2 fossil filament was produced from stacked SEM-BSE images captured during sequen- accompanied by a significant volume decrease, explaining the extreme porosity of the mesh-like thinolite networks (Shearman et al., 1989) . That the ikaite formed a blanket covering of the chimneys suggests a change in environmental conditions, probably including a drop in lake water temperature, at some time following chimney development (Shearman et al., 1989) . Suggestions of temporal environmental changes affecting carbonate mineral fabric are entirely consistent with the early observations of Russell (1889) who first noted that thinolite was only found at higher elevations around the lake.
| D ISCUSS I ON
| Temporal environmental changes
A further environmental change is apparent in our new data:
The dominance of high-Mg calcite within the Pleistocene deposits of the Mono City chimneys contrasts with aragonite (Supporting information Figure S1 ) and Mg-silicate (Souza-Egipsy et al., 2005) mineralogy of the younger Holocene mounds. Unfortunately, it is not possible for us to conclusively demonstrate co-occurrence of Mg-Si phases and aragonite because the samples we analysed were free of this material, and Souza-Egipsy et al. (2005) did not present crystallographic data. Rather, they assumed that Ca, O, C phases identified by EDS were low-Mg calcite: It seems likely that this was in fact aragonite. Calcite solubility is known to increase as fluid Mg/ Ca ratios are raised (Davis, Dove, & De Yoreo, 2000) , such that rising Mg/Ca in the lake water sometime after the Mono City chimneys had formed could itself cause a change in the precipitating carbonate mineral from Pleistocene calcite to Holocene aragonite. Mg/Ca in spring and runoff waters within the Mono region range from 0.04 to 1, whereas lake waters are always >1 (Table 1) 
| Inclusions in the calcite
Biomarkers, NanoSIMS, SEM-and TEM-EDS elemental maps show the filamentous structures examined in pipe walls are clearly carbonaceous microfossils, while these techniques combined with light microscopy observations, together show the detailed spatial relationships between these fossil cyanobacterial filaments and calcite and silicate minerals.
Several mechanisms are plausible to explain the observed arrangement of silicates around filaments. First is an abiotic hypothesis, in which the microbes had no effect on silicate mineral distribution. However, here we might expect that any partially decayed cells would contain silicate grains that had been washed inside, and this was not observed. Rather, it seems that the organic matter that we interpret as cell walls and EOM was spatially linked to the locations of the silicate grains (e.g., Figure 7 ). This leaves us with two hypotheses to assess: (i) that silicates could have been precipitated in situ via the metabolic activity of microbes (cf. Burne et al., 2014) ; or (ii) they could be fine detrital grains that have been trapped and bound by microbial EOM (cf. Reid et al., 2000) .
| Microbial precipitation of silicate precursors versus detrital silicate grains
Authigenic microbial precipitation of silicates has recently been reported in a number of alkaline lakes (e.g., Lake Satonda (Arp, Reimer, & Reitner, 2003) ; Lake Clifton (Burne et al., 2014; Caselmann, 2005) ; Mexican Crater Lakes (Zeyen et al., 2015) ; Great Salt Lake (Pace et al., 2016) ; Lake Thetis (Caselmann, 2005; Wacey, Urosevic, Saunders, & George, 2017) ), where it has been suggested that local increases of pH during oxygenic photosynthesis favour the precipitation of Mg-Si phases in and around cyanobacterial sheaths and F I G U R E 9 Chemistry of Type 1 filaments and surrounding minerals. High angle annular dark field scanning TEM image showing longitudinal and transverse sections, respectively, through two Type 1 filaments. The TEM-EDS elemental maps (bottom row) show that the filament walls and some extracellular material retain a carbonaceous composition (red). Some void space is present (black in these elemental maps), and this is not filled with epoxy resin. The lower filament is partly mineralised by an amorphous Mn-rich carbonate (dark blue; also containing minor Ti and Fe). Angular detrital aluminosilicate grains are closely associated with the filaments, and some are attached to the outer walls or extracellular organics of the upper filament (black arrows). Aluminosilicate grains are of variable composition with Na-K-rich varieties plus Fe-Mg-rich varieties. Selected area electron diffraction patterns show that the Na-K-rich grains are alkali feldspar (DP1 is consistent with anorthoclase viewed down the [1,0,2] axis), while the Fe-Mg-rich grains are chlorite (DP2 is consistent with clinochlore viewed down the [−5,5,−2] axis) [Colour figure can be viewed at wileyonlinelibrary.com] in webs of EOM (e.g., Pace et al., 2016) . In this scenario, carbonate minerals only precipitate (and often replace Mg-Si phases) at a later stage when the activities of CO 3 and Ca rise during heterotrophic degradation of cyanobacteria and their associated EOM. However, the chemistry and distribution of silicates in those aforementioned lake deposits are rather different to that observed in the calcitic Pleistocene Mono City chimneys. Electron diffraction patterns of individual silicates around the Mono City chimney filaments revealed compositions compatible with chlorite and feldspar (Figure 9 ), while bulk rock XRD also indicates minor quartz (Supporting information Figure S1 ). Few of the silicate grains examined contained abundant magnesium and none were pure Mg-Si phases such as the stevensite and kerolite phases previously reported from other alkaline lakes (Burne et al., 2014; Zeyen et al., 2015) . Intriguingly, the lack of Mg-Si While some authigenic chemical control of silicate precipitation by microbes, for example by attraction of cations including Al, K and Si to negatively charged compounds including uronic acids within the EOM (cf. Drews & Weckesser, 1982; Saunders, Rogerson, Wadhawan, Greenway, & Pedley, 2014) , cannot be ruled out, the mechanism that best explains the morphologies, compositions and distribution of silicates in the Mono Lake chimneys is via trapping and binding by microbial EOM (cf. Reid et al., 2000) . 
| Intracellular carbonate minerals
Carbonate minerals dominate the pipes making up the Mono Lake chimneys and on the microscale are found both intracellularly and extracellularly in the examined groups of filamentous microfossils.
Intracellular calcification of cyanobacteria was recently described from modern lacustrine microbialites of Lake Alchichica, Mexico (Couradeau et al., 2012) . This took the form of spherical granules of benstonite (Sr 1 Ba 2.7 Mg 1.4 C 10.9 )Ca 6 Mg(CO 3 ) 13 , averaging 270 nm in diameter that may have nucleated on carboxysomes. The authors of that study suggested that excess alkalinity produced during photosynthesis was trapped inside the cell by active precipitation of benstonite and not exported beyond the cell wall. However, the mineral fill of the fossil cyanobacteria of Mono Lake is calcite, which is neither rich in barium nor strontium, and no evidence for spherical granules was observed. There is some evidence of cell contents pre- Manganese (±Fe and Ti) carbonate is rare but when present is an amorphous phase based on electron diffraction, and distinctly associated with the cell wall itself (Figures 7a, 9 ). This was true of both Type 1 and Type 2 filaments. Bacterial cell walls are known to selectively accumulate Mn from surface waters (Konhauser, Fyfe, Ferris, & Beveridge, 1993) . Association of Mn with the cell wall and not just the EOM suggests the mineralisation process involved more than a simple attraction of Mn cations to a negatively charged surface. The difference in Eh-pH conditions between the inside of the cell and mixed vent and lake waters outside the cell wall could explain this, as Mn 2+ would be soluble inside the relatively low pH cell, but Mn carbonates would precipitate out at the redox boundary with high pH lake conditions (cf. Davison, 1993) . This suggests that the rather rare Mn carbonates could have formed early.
| Biological influences on chimney growth
The majority of the calcite that makes up the chimneys developed outside the microbial filaments. By binding calcium the EOM will initially have inhibited calcite crystal formation, but on degradation this calcium will have been released (cf. Arp et al., 1999 Arp et al., , 2001 , and critically, tubular sheets of EOM from microbes that inhabited the zones around the rising vent waters will have been preferential sites of calcite crystal nucleation. Once calcite crystals had formed in the EOM of these mucilaginous, cohesive and quickly mineralised tubular sheets, there would be a lower activation energy to deposit more mass on these developing crystals than to generate new nuclei in the mixing water masses. Consequently, even if further chimney wall crystal growth operated via a largely abiotic process, this latter deposition could still be considered bio-influenced due to the control on location from the presence of biofilm. It is tempting to speculate that the chimney form owes its origins in part to the presence of a biofilm. The rising chimney would present a stable substrate for microbial colonisation around likely the nutrient-rich (Table 1) and relatively well-illuminated waters. The result could be that tubular biofilm growth around rising spring waters leads to the formation of carbonate chimney pipes, and in turn, chimney growth assists biofilm development around the rising spring waters. Hence, the Mono City calcitic lacustrine chimneys seem broadly similar to other lacustrine hot spring carbonates (Arp et al., 1999) , volcanic crater lake carbonates (Arp et al., 2003 (Arp et al., , 2012 Kazmierczak et al., 2011) , tufa barrages (Emeis et al., 1987) , chimney-like giant (40 m high) aragonitic microbialites of Lake Van (Kempe et al., 1991) , simpler structured carbonate mounds of other alkaline lakes like those of Inner Mongolia (Arp et al., 1998) and the Ries crater, Germany (Pache, Reitner, & Arp, 2001) , as well as siliceous lacustrine hydrothermal chimneys like those of Lake Taupo, New Zealand (Jones, de Ronde, Renaut, & Owen, 2007) in that the location of the calcitic chimneys has a primary abiotic control (fault controlled rising spring waters), but chimney morphology may well be microbially mediated. Calcitic tufa chimney systems could therefore be added to the list of macroscale products of local environmental chemistry, physics and microbiology, with the biota exerting a strong control on fabric.
Support for microbial mediation of tufa chimneys comes from simpler structured tufa mounds like those of nearby Pyramid Lake (Arp et al., 1999 ) and Searle's Lake, California (Guo & Chafetz, 2012) , where the mounds contain a macroscopic columnar stromatolite component plus microscopic calcite-cemented spheres, chains of beads, rods and filaments that strongly resemble bacteria (Guo & Chafetz, 2012) . These observations led Guo and Chafetz (2012) to conclude that microbially induced calcification was the predominant process creating these deposits but they were unable to demonstrate a role for EOM. Similar observations come from the alkaline Lake Alchichica in Mexico where tubular chimney-like carbonate deposits (with central conduits similar to the Mono Lake material described herein) occur side by side with nodular and domal structures, all of which were interpreted as microbialites, with some preserving remnants of filamentous and coccoid cyanobacteria (Kazmierczak et al., 2011) . These authors inferred that primary carbonate mineralisation was nucleated within EOM secreted by cyanobacterial biofilms.
| CON CLUS IONS
| Summary model for chimney growth
Our results show that the Mono City chimney pipes are packed full of fossil microbial filaments, with rare coccoids. These might be interpreted as centimetre-thick tubular ("rolled up") and vertically stacked calcified microbial mats. Evidently there was strong growth of a cyanobacterial biofilm around rising spring waters in the Pleistocene Mono Lake, and these microbes influenced tufa chimney fabric development at least at the nano-and microscales. Just exterior to the preserved microbial cells, quartz and aluminosilicate grains are best taken as evidence that "sticky" EOM produced by cyanobacteria (and potentially other microbes) trapped and bound some clastic lake sediment grains. We cannot rule out that some of the aluminosilicates surrounding these filaments could have formed authigenically within the EOM (cf. Pace et al., 2016) , although the chemistry of these grains, together with their angular shapes and isolated context in which several grains "float" in a calcite matrix, indicates these silicate grains are mostly detrital. A key finding is that Mg-Si phases were absent here, so this phase cannot be seen as a prerequisite for exquisite fossilisation of microbes in alkaline water settings (cf Burne et al., 2014; Souza-Egipsy et al., 2005) . Instead it seems likely that the calcitic nature of these Pleistocene chimneys reflects a low lake water Mg/Ca ratio, arising from dilution during phases of high lake level. Holocene aragonitic mounds coupled to Mg-Si phases (Souza-Egipsy et al., 2005) can then be explained by a rise in the lake water Mg/Ca ratio through time and are a predictable feature of the thermodynamics of this lake and any similar system.
Fossilisation of the microbes was likely related to the microbial EOM (cf. Arp et al., 1999) in that acidic extracellular substances will have stripped calcium from the rising vent waters, favouring calcite nucleation and subsequent organised calcite crystal growth at the vent site. Calcite mineralisation of the EOM and intracellular calcification were likely postmortem processes (cf. Arp et al., 2001 Arp et al., , 2012 .
Adsorption of Mn to the organic carbon of the cell wall could also have happened postmortem, but petrography suggests this was an early process.
Summation of the evidence shows Pleistocene fossil tufa chimneys of Mono Lake are not solely the result of abiotic mixing between calcium-rich spring waters and alkaline lake waters (cf. Council & Bennett, 1993) , although they were arranged linearly along an apparent fault line, showing that water chemistry and tectonics controlled chimney locations if not their fabrics. Rather, chimney fabric development was influenced at least at the nano-to microscales by microbes that colonised the fertile and relatively nutrient-rich vent sites. These findings have direct applicability to the search for ancient and extraterrestrial microbial life. 
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